Introduction
Ischemic heart disease is the major cause of morbidity and mortality in the USA. Potential therapeutic approaches target inhibition of cardiomyocyte apoptosis, increase coronary flow to facilitate neovascularization that collectively may improve cardiac function. 1, 2 Recent studies have highlighted the therapeutic potential of microRNAs (miRNA) in myocardial ischemia. [3] [4] [5] We and others have previously shown that miRs regulates multiple cellular processes such as proliferation, differentiation, cell metabolism, apoptosis, and angiogenesis. [6] [7] [8] [9] [10] [11] [12] Genome wide miRNA analysis revealed that miR-375 is expressed in various tissues and organs and is significantly reduced in different types
of cancers, [13] [14] [15] [16] [17] thus suggesting that miR-375 could be an important cancer-related miRNA. 18 miR-375 has been recently implicated in patients with heart failure and diabetes. 19, 20 We and others have shown that miR-375 is associated with MI in mice and cardiac hypertrophy in rats. 6, 21 However, no prior study had established a therapeutic role of miR-375 in ischemic myocardium.
We report here that therapeutic silencing of miR-375 using LNA anti miR-375, attenuates MI-induced inflammation, cardiomyocyte apoptosis and restores LV function, and remodelling.
Methods

Animal model
This study conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. All experiments confirm to the protocols approved by the Institutional Animal Care and Use Committee of Temple University School of Medicine. Eight-weeks-old Wild-type (WT) male mice of C57BL/6J background were procured from Jackson Research Laboratory (Bar Harbor, ME).
Human heart tissues samples
Heart tissue samples were obtained from failing human hearts at the time of transplantation at the Houston Methodist De Bakey Heart and Vascular Center, Houston Methodist Hospital, Houston, Texas, and immediately frozen in liquid nitrogen and stored at -80 C until use.
Normal hearts were obtained from donor hearts not used for transplantation and were collected and stored in the same manner. Study subjects' details are provided in Table 1 . The study was conducted in accordance with the Declaration of Helsinki. All tissues were collected with patients consent for research purposes and protocol was approved by the Houston Methodist Research Institutional Review Board.
Myocardial infarction and study design
Mice were anesthetized with 2% isoflurane inhalation with an isoflurane delivery system (Viking Medical, Medford, NJ) and were subjected to MI by ligation of left anterior descending coronary artery (LAD) as described previously. 6, 7 Immediately after LAD ligation, mice received a single sub-cutaneous (S.C.), injection of scrambled oligo control (catalogue number 4464076, Applied Biosystems; n = 20) or LNA anti miR-375 (5 0 CACGCGAGCCGAACGAACAA3 0 , Exiqon, Skelstedet, Denmark) (10 mg/kg, n = 20). Cardiac function was examined on 7, 14, and 28 days using by echocardiography and morphological analyses were performed on 28 days post-MI. At the end of the experiment, mice were euthanized by an overdose of tribromoethanol, 200 mg/kg BW, ip.
Isolation of adult mouse cardiomyocytes
Adult mouse cardiomyocytes were isolated as described previously. 7, 22, 23 For detailed information, please see Supplementary material online.
Cardiac endothelial cells and macrophages isolation, and flow cytometry
Mice were euthanized by an overdose of tribromoethanol 200 mg/kg BW, ip. Cardiac endothelial cells were isolated by magnetic bead separation using CD31þ beads and further purity was confirmed by CD31 
Echocardiography
Mice were anesthetized with 2% isoflurane inhalation with an isoflurane delivery system (Viking Medical, Medford, NJ). Transthoracic twodimensional M-mode echocardiogram was obtained using Vevo 770 (Visual Sonics, Toronto, Canada) equipped with 30 MHz transducer. Echocardiographic studies were performed before (baseline) and at 7, 14, and 28 day's post-MI on mice anesthetized with a mixture of 1.5% isoflurane and oxygen (1 L/min). The internal diameter of the LV was measured in the short-axis view from M-mode recordings in end diastole, end systole and ejection fraction (EF), and fractional shortening (FS) were calculated using corresponding formulas as previously described.
6,7
Morphometric studies
Mice were euthanized by an overdose of tribromoethanol, 200 mg/kg BW, ip. The hearts fixed by perfusion with 10% buffered formalin. Hearts were then cut into three slices (apex, mid-LV, and base) and paraffin embedded. The morphometric analysis including infarct size, wall thickness, and percent fibrosis was performed on Masson's trichrome stained tissue sections using Image-J software (NIH, version 1.30 , http:// rsb.info.nih.gov/ij/). Fibrosis area was measured to determine percent fibrosis. 6 
Histology
Immunofluorescence staining for tissue sections were performed as described previously (9) . In the mice received scrambled control oligo or LNA anti miR-375 the formation of new capillary network was assessed by Isolectin B4 as described before, 6 positive staining in 10 randomly selected low-power visual fields (LPF) 28 days post-MI. Nuclei were counter-stained with 4 0 , 6-diamidino-2-phenylindole (DAPI, 1:10000, Sigma Aldrich, St Louis, MO), and sections were examined with a fluorescent microscope (Nikon, Japan). Small interfering RNA (siRNA) sequences targeting mouse PDK-1 were synthesized from Invitrogen (PDk-1 siRNA or a negative control [siRNA-NC]) was used at a final concentration of 100 nm according to the manufacturer's instructions, and the cells were transfected for 24 h. Subsequently, the knockdown efficiency in RAW cells was determined by western blot. In addition, 50 nm anti-miR-375 (Applied Biosystems) was introduced alone or in combination with 100 nm PDK-1-1 SiRNA 
Statistics
Data are expressed as mean ± SEM. Analyses were performed using Prism 6.0a (GraphPad Software Inc.). The group means were compared using a t-test (for two groups) and ANOVA, followed by Bonferroni post-tests (for > 2 groups). P-values of <0.05 indicate statistical significance.
Results
miR-375 is up-regulated in failing human hearts
We have previously reported that miR-375 expression was significantly enhanced in post-MI mice hearts. 6 In this study, we directly compared the expression of miR-375 between normal and ischemic human heart tissues. Our results demonstrate that miR-375 expression was significantly up-regulated in the failing human hearts compared to normal hearts ( Figure 1 ). Figure 1 miR-375 expression is elevated in failing human hearts.
Quantitative RT-PCR analysis of miR-375 expression in the LV tissue of the failing hearts (n = 5) and non-failing hearts (n = 4) normalized to control group U6 housekeeping gene. *P < 0.05 vs. non-failing hearts. 
Myocardial miR-375 knockdown attenuates post-MI LV dysfunction
Increased levels of miR-375 in human failing ischemic hearts may suggest a significant role of this miRNA in ischemic recovery and regeneration.
To test this hypothesis, we studied whether myocardial miR-375 knockdown may attenuate LV dysfunction. We determined the knockdown efficiency of a single dose s.c. administration of 10 mg/kg LNA anti miR-375 in vivo, and found significantly reduced miR-375 levels in the LV tissue, compared to controls post-MI at day 5 and at day 28 ( Figure 2A) . LV functions were determined by echocardiography in mice injected with either control or LNA anti miR-375 on days 7, 14, and 28 after the induction of MI. Percent EF and percent FS was similar at baseline. Compared to scrambled control miR, administration of LNA anti miR-375 injection a day after MI, significantly improved %EF and %FS (P < 0.001 vs. baseline; Figure 2B , C) 2 and 4 weeks after MI, suggesting that a single administration of LNA anti miR-375 post-MI attenuates ischemia-induced cardiac dysfunction.
Myocardial miR-375 knockdown enhances neovascularization and reduces fibrosis after MI
To determine the effect of miR-375 knockdown on myocardial neovascularization, we assessed capillary density in the border zone of the infarct at 28 days post-MI. The number of Isolectin/B4 (þ) capillaries were significantly higher in mice that received LNA anti miR-375 compared to those receiving scrambled ctrl ( Figure 3A , B, P < 0.001 vs. scrambled ctrl groups). To determine whether improved capillary density after MI may improve cardiac remodelling we assessed infarct size at 28 days post-MI. Knockdown of miR-375 resulted in a significant reduction in the infarct size ( Figure 3C , D, P < 0.001 vs. scrambled ctrl group).
Myocardial miR-375 knockdown inhibits post-MI LV inflammation and promotes M2 macrophage polarization
We have previously reported that miR-375 is an independent downstream target of IL-10 in bone marrow progenitor angiogenic cells. 6 We have previously shown that IL-10 controls miR-375 expression in bone marrow angiogenic progenitor cells. 24 However, role of miR-375 in regulating macrophage polarization has never been studied. To test whether miR-375 knockdown may induce macrophage polarization, we evaluated the expression levels of M1 and M2-related genes. Compared to scrambled control treated group, 5 days post-MI quantitative RT-PCR analysis showed that miR-375 knockdown resulted in a significant repression of various M1 markers IL-1b (P < 0.01), TNF-a (P < 0.001), iNOS (P < 0.05), IL-6 (P < 0.01), and significantly increased M2 marker expression levels such as arginase-1(P < 0.01) and chitinase-like-3 (Chi313) (P < 0.01) ( Figure 4A-F) . We also found increased IL-10 levels (although not significant) in the LNA treated hearts compared to controls (Supplementary material online, Figure S1 ). The flow cytometric Figure 4G ). Our mouse cytokine multiplex assay demonstrated significant reduction of at least six pro-inflammatory cytokines including IL-6 (P < 0.01), IP-10 (P < 0.01), MCP-1 (P < 0.06), MIP1-a (P < 0.07), MIP1-b (P < 0.01), and RANTES (P < 0.01) in LNA anti miR-375 group compared to scrambled ctrl (Supplementary material online, Figure S2 ). Reduction in proinflammatory cytokines was further corroborated by significant reduction in the infiltration of CD68 þ cells (a common macrophage marker)
in the infarct border zone in LNA anti miR-375 treated group compared to controls ( Figure 4H -J, P < 0.001 vs. scrambled ctrl). Since LNA anti miR-375 therapy could reduce the inflammatory gene expression and also inflammatory cell response, we therefore examined cardiomyocyte apoptosis after LNA anti miR-375 administration in the ischemic myocardium (5 days after MI). The number of TUNEL (þ) apoptotic cells were twice as high in scrambled ctrl vs. LNA anti miR-375 treated hearts ( Figure 4K -M, P < 0.01 vs. scrambled ctrl), suggesting that miR-375 knockdown decreases cardiomyocyte apoptosis in the ischemic myocardium. Taken together with improved neovascularization and reduced infarct size these data suggest that miR-375 knockdown improves post-MI regeneration and remodelling processes in the ischemic myocardium with substantial preservation of LV function.
PDK-1 is a direct target of miR-375 in vivo
We have previously shown that PDK-1 is a predicted target of miR-375 in bone marrow progenitor cells. 6 PDK-1 is also upstream kinase for AKT.
Therefore, we assessed the levels of PDK-1 ( Figure 5A , B) and total (tAKT) and phosphorylated (pAKT) ( Figure 5A, C) in the border zone of infarct at 5 day's post-MI in the scrambled ctrl and LNA anti miR-375 injected mice.
There was a significant increase in PDK-1 levels (P < 0.001 vs. scrambled ctrl) and AKT phosphorylation (P < 0.05 vs. scrambled ctrl), suggesting that increase in pAKT levels may be mediated by PDK-1. To further corroborate increased capillary density in infarcted myocardium with activation of AKT, a well-known positive regulator of angiogenesis, we evaluated vascular endothelial growth factor (VEGF) expression in scrambled control and LNA anti miR-375 treated groups. VEGF expression levels were significantly increased in LNA anti miR-375 group compared to controls (Supplementary material online, Figure S3 ). Taken together, these data suggest that the miR-375 knockdown mediated increase in PDK-1 expression and activation of downstream survival and angiogenesis signalling may be responsible for improvement in ischemia-induced cardiac recovery. LNA anti miR-375 injection may affect one or more cell types within the heart tissue. To address this question we studied the effects of LNA anti miR-375 on three types of cells in the heart-the isolated cardiomyocytes (rod shaped cells, Supplementary material online, Figure S4A Figure S4D ) from control and LNA anti miR-375 treated groups. miR-375 levels were significantly repressed, whereas miR-375 target gene PDK-1 levels were significantly elevated in all three isolated cell types ( Figure 5D-Ixs) . These results suggest that, inhibition of miR-375 may provide cardiac protection post-MI, by acting on multiple cardiac cell types.
Modulation of inflammatory response by knockdown of miR-375 in macrophages
In order to understand the molecular mechanisms of LNA anti-miR-375 mediated inhibition of inflammation and M1 to M2 macrophage switch anti-miR-375 or scrambled oligo. PDK-1 expression levels were significantly increased in anti-miR-375-treated RAW cells ( Figure 6E , P < 0.01 vs. scrambled ctrl). Further we assessed PDK-1 and pAKT levels in the RAW cells subjected to LPS treatment with or without anti-miR-375 ( Figure 6F) . LPS significantly reduced PDK-1 and pAKT levels, anti-miR-375-treatment markedly increased PDK-1 and pAKT levels ( Figure 6G,  H) . Additionally, anti-miR-375 restored PDK-1 and pAKT levels in the LPS treated cells ( Figure 6G, H) . These in vitro studies confirm our in vivo findings and suggests that knockdown of miR-375 promote M2 polarization and enhance PDK-1-mediated cardiac recovery post-MI.
Effects of miR-375 on inflammatory response are PDK-1 dependent in macrophages
To further confirm whether miR-375 mediated effects were via PDK-1, we knocked down PDK-1 in RAW 264.7 cells using siRNA ( Figure 7A , B) and further assessed their inflammatory response subjected to LPS stimulus. PDK-1 silencing exaggerated LPS induced proinflammatory cytokine gene expression compared to controls. Intriguingly in the cotransfection of PDK-1 siRNA and anti-miR-375 in RAW 264.7 cells, the effect of anti-miR-375 on anti-inflammatory gene expression ability was completely abolished by PDK-1 siRNA ( Figure 7C-F) . These data confirm that miR-375 regulates macrophage polarization in part via PDK-1 dependent manner.
Discussion
It is well-documented that several miRNAs are dysregulated in the cardiovascular diseases. We have previously demonstrated that knockdown of miR-375 in the bone marrow angiogenic progenitor cells exhibited therapeutic potential post-MI. 6 In the current study, we assessed the direct inhibition miR-375 in the ischemic heart. Emerging evidence suggests an association of decreased miR-375 expression in different types of cancer.
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-17 Since this has been an important miR related to cancers and their levels were elevated in the human failing heart samples, we hypothesized that inhibition of miR-375 may play an important role in attenuating left ventricular dysfunction after MI in mice. Our conclusion is based on the following experimental findings: (i) miR-375 is elevated in the failing human hearts; (ii) direct inhibition of miR-375 in the myocardium by LNA-based miR-375 inhibitor therapy reduces inflammatory response after MI; (iii) knockdown of miR-375 enhances survival of cardiomyocytes; (iv) enhances neovascularization, reduces infarct size, 
and ultimately attenuates the LV dysfunction after MI; (v) mechanistically, miR-375 effects on observed benefits appear to be mediated at least in part through PDK-1/AKT signalling mechanisms.
The therapeutic applicability of systemically delivered LNA-modified anti-miRs has been reported. [25] [26] [27] It is important to consider that LNA based miR inhibitors have made their way to clinical trials. MiR-122 inhibition has been tested in phase-II clinical trials in Hepatitis-C (HCV) patients with encouraging results. 28 LNA-based miR inhibition has been thoroughly validated to be efficacious in inducing sustained and potent silencing of miR in the heart. 25, 29 In the current studies we obtained miR-375 silencing in isolated cardiomyocytes, endothelial cells, and macrophages upon single injection of 10 mg/kg LNA miR-375 inhibitor subcutaneously (s.c.). This single injection attenuated cardiac dysfunction post-MI. Corroborating with our studies a recent report suggested that two injections of 5 mg/kg of LNA-anti-miR had a sustained effect on silencing miR-24 in cardiac endothelial cells in vivo. 30 One recent study reported that, LNA-anti-miR-1 at a dose of 1 mg/kg exhibited cardiac protective effects. 31 Therefore, we propose that, low doses of LNA miR inhibitors might be sufficient to induce potential silencing in different cardiac cells in the injured heart. We found that miR-375 knockdown increases the expression of PDK-1, suggesting PDK-1 as a potential target. Furthermore, we showed that knockdown of miR-375 increased the phosphorylation of Akt in post-MI heart by targeting PDK-1. This is consistent with our recent report showing miR-375 directly targets PDK-1 at the protein level in bone marrow angiogenic progenitor cells. 24 Further ex vivo knockdown of miR-375 in BMPACs before transplantation into ischemic heart post-MI also increased PDK-1 and pAKT levels. We speculate this could be due to reduced miR-375 levels in the BMPAC exosomes leading to increased PDK-1 levels in the MI heart. 24 Thus activation of the PDK-1/ AKT signalling pathway may represent a potential protective mechanism contributing to the improved cardiac functional outcome observed in the LNA anti-miR-375 therapy MI mice. It is well-known phenomenon that neovascularization plays an integral role in infarct healing process. 2 In the current study, capillary density was increased in MI mice treated with LNA-anti miR-375 treated hearts compared to scrambled controls. In corroboration with this study, we have previously shown that, miR-375 knockdown enhances endothelial cell functions and angiogenic activity in vitro, 24 it is likely that enhanced angiogenesis observed in this study reflects miR-375 knockdown in resident endothelial cells. Further, we have also demonstrated significant increase in VEGF levels in the LNA anti miR-375 treated hearts compared to scrambled controls. The observed increase in VEGF levels could directly be linked to the observed increase in the activation of AKT (upstream of VEGF) in the LNA miR-375 treated groups compared to controls. 32 Furthermore, loss of PDK-1 has been implicated in endothelial cell apoptosis and impaired angiogenesis. 33, 34 Thus activation of the PDK-1/AKT signalling pathway represent a protective mechanism enabling neovascularization. Pathological remodelling of the heart is accompanied by increased apoptosis. 35 We have previously shown that, miR-375 knockdown in BMPACS reduces cardiomyocyte apoptosis via release of paracrine factors. 24 In the present study, LNA-anti miR-375 treatment in MI was associated with a decreased cardiomyocyte apoptosis compared to 34, 36 Cardiacspecific disruption of PDK-1 in mice, resulted in lethal heart failure and reduced PDK-1 protein levels in end stage of failing human hearts reveals the possibility that functional alterations of PDK-1 could be implicated in the pathogenesis of heart failure. 34, 36 Thus increased expression of PDK-1 expression in hearts, isolated endothelial cells and cardiomyocytes of LNA anti miR-375-treated mice might be associated with enhanced angiogenesis and cardiomyocyte survival leading to the improved cardiac function. It is suggested that sustained proinflammatory response in the myocardium could lead to LV dysfunction and remodelling. 37, 38 We have previously reported that, miR-375 is an independent downstream target of IL-10. 5 However, role of miR-375 in regulating macrophage polarization has never been studied. In the present study, we demonstrated that LNA anti-miR-375 directly targets PDK-1 signalling in polarized macrophages residing in injured myocardial tissue. As MI has been linked with enhanced M1 macrophage polarization and suppressed M2 phenotype resulting in impaired tissue repair. 39 Interestingly, in our study, M2-like macrophage markers arginase-1, Chi3l3, and CD206 levels were significantly increased. Also anti-inflammatory cytokine IL-10 levels were partially increased in the LNA anti-miR-375 treated hearts compared to controls. As IL-10 has been shown to activate M2 phenotype leading to abundance of regulatory macrophages with anti-inflammatory activity. 40 Further pro-inflammatory markers IL-1b, TNF-a, iNOS, IL-6, IP-10, MCP-1, MIP1a, MIP1-b, and RANTES were significantly reduced in the LNA anti miR-375 treated hearts compared to the controls. Also, our findings corroborate with a previously published study showing exaggerated increase in pro-inflammatory gene expression in mice lacking PDK-1 in macrophages. 41 This evidence indicated that PDK-1 might play a pivotal role in miR-375-mediated regulation of macrophage polarization.
Our results demonstrated that miR-375 inhibition repressed the M1 macrophage switch and promoted M2 macrophage polarization via activating PDK-1. Our PDK-1 knockdown experiments in this study, further confirmed the crucial role of PDK-1 in modulating inflammatory response in macrophages. Thus increased expression of PDK-1 expression in hearts and isolated macrophages of LNA anti miR-375-treated mice, suggesting PDK-1 might serve as a molecular regulator in macrophage polarization and a potential therapeutic target for reducing inflammatory response post-MI. We have in the past published various aspects of IL-10 signalling and function in cardiovascular injuries. 2, 24, 35, [42] [43] [44] [45] First, IL-10 recombinant therapy is expensive and further IL-10 peptide is short lived. The present study is the logical extension of new mechanistic insights into IL-10, focusing on miR-375 as an independent downstream target of IL-10. As miRNA based therapies already made their way to clinical trials. We have shown PDK-1 as a potential target of miR-375, however, we cannot exclude the role of other miR-375-regulated target genes in the observed benefits, and future studies will be important to delineate other pathways that might mediate such effects. In summary, our data demonstrate that inhibition of miR-375 mediate pleiotropic beneficial effects such as enhanced angiogenesis, reduced inflammatory response after MI, and direct cardiomyocyte protection all, are capable of limiting infarct size and preserving post-MI cardiac function and integrity. LNA anti miR-375 therapy inhibits miR-375 levels in several cells within heart tissue post-MI leading to activation of PDK-1/AKT signalling ( Figure 8) . Increased expression of PDK-1 (potential target of miR-375) enhances neovascularization, reduces cardiomyocyte death and mediates an M1 to M2 phenotype macrophage switch that collectively improve cardiac recovery post-MI. Thus, miR-375 knockdown Figure 8 Proposed mechanism of anti-miR-375 therapy mediated cardiac repair. LNA anti-miR-375 therapy regulated miR-375 levels in multiple cardiovascular cells (cardiomyocytes, endothelial cells, and macrophages) post-MI heart leading to activation of PDK-1/AKT signalling, PDK-1 (direct target of miR-375), thereby enhancing the neovascularization, reduced cardiomyocyte death, and macrophage phenotype switch (M1 to M2 phenotype) mediated cardiac repair. PDK-1, 3-phosphoinositide-dependent protein kinase 1.
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appears to be a feasible approach to limit ischemic injury and might prove to be an attractive therapeutic strategy for patients with MI.
